The dynamic range of real world scenes may vary from around 10 2 to greater than 10 7 , whilst the dynamic range of monitors may vary from 10 2 to 10 5 . In this paper, we investigate the impact of the dynamic range ratio (DR ratio ) between the captured scene and the displayed image, upon the value of system gamma preferred by subjects (a simple global power law transformation applied to the image). To do so, we present an image dataset with a broad distribution of dynamic ranges upon various subranges of a SIM2 monitor. The full dynamic range of the monitor is 10 5 and we present images using either the full range, 75% or 50% of this, while maintaining a fixed mid-luminance level. We find that the preferred system gamma is inversely correlated with the DR ratio and importantly, is one (linear) when the DR ratio is one. This strongly suggests that the visual system is optimized for processing images only when the dynamic range is presented correctly. The DR ratio is not the only factor. By using 50% of the monitor dynamic range and using either the lower, middle or upper portion of the monitor, we show that increasing the overall luminance level also increases the preferred system gamma, although to a lesser extent than the DR ratio .
Introduction
The luminance range of a monitor and a real world scene rarely coincide. To illustrate this we plot the luminance range of images from the high dynamic survey by Mark Fairchild [11] in Figure 1 , alongside 4 monitor types of increasing capability; the CRT (red), today only used by odd-ball scientists, a typical LCD display (green); a Samsung Quantum Dot display released for the consumer market in 2016 (yellow); and the professional SIM2 monitor used in this paper (cyan). The image set was captured using multiple exposure photography to avoid the risk of over or under exposure and allow the capture a theoretically infinite dynamic range. All the images were of static scenes, the majority were daytime outdoor locations and a small minority are of indoor or nighttime scenes. As can be seen, only in a few instances does the luminance range of an scene/image match those of our target display devices. A common way to describe the luminance range of a monitor is in terms of the dynamic range DR and some measure of the overall luminance level, such as the peak luminance level P common in commercial specifications.
Arguably the greatest concern when displaying an ungraded real world image upon a given monitor is the mismatch between the dynamic range of a monitor and the original scene/image. For the professional SIM2 monitor it is common for images to be of a substantially lower DR than the monitor (the inverse tone-mapping problem), and for monitors that are currently in widespread usage, images frequently have a much greater dynamic range (the tonemapping problem). The multiplication required to increase the dynamic range of the lowest dynamic range image in the Fairchild database for presentation on the SIM2 is 323, whilst the division needed to present the highest dynamic range image on a CRT is 152500. This may in part explain why a simple power law appears to be sufficient to solve the inverse problem [5] , but not the tonemapping problems where an array of more complex algorithms has been proposed. For the rest of this paper we shall define the dynamic range ratio DR ratio as the dynamic range of the original scene over the dynamic range of the display device.
Additionally, we compute the log mid luminance level M as
Aim
In this paper, we ask what the impact of the dynamic range ratio is upon the preferred system gamma where the system gamma is simple a power law that describes the relative relationship between the original image and the displayed image. More precisely, if I n is the image normalized between zero and one, the processed image is simply and the displayed image
where max and min describe the maximum and minimum luminance levels of a given monitor. Early display engineers using relatively low dynamic range displays and low dynamic range single exposure content (both between two to three orders of magnitude), found that the value of system gamma that gave rise to the most pleasing image was nonlinear (γ sys = 1) and that the strength of the nonlinearity depends on the viewing condition; images viewed with a dark surround typically use a gamma of around 1.5 whilst images viewed with a light surround use a gamma of around 1.1 [8, 15] . This work is a direct extension of [3, 4] which investigated the preferred system gamma for images presented on three monitor types; a CRT, an OLED and an LCD monitor. The theory developed in this paper formed the basis for a patented tonemapping operator which is close to market [9] . The original work was limited by the monitors used, which were of relatively low brightness and/or dynamic range. In this study we use the professional SIM2 monitor which is one of the highest dynamic range monitors available today. The aim of this study is to investigate the impact of the dynamic range ratio upon the preferred system gamma. To do so, subjects were asked to rate the perceived image quality of images presented with various levels of system gamma and upon either the full range, or four sub-ranges of the SIM2 monitor (see Table 2 ) using the the distribution of images originally used in [3, 4] which were selected to cover a broad range of dynamic ranges.
Computing dynamic range
In the introduction, we defined the (physical) dynamic range of an image or scene as the ratio between the maximum and minimum luminance of a monitor or scene. Dynamic range is a global image statistic, but computed in the simplest manner relies on just two pixels and thus may be subject to noise. In a previous study [3] we used the 0.01 and 99.99 percentiles to compute dynamic range, however, as images, and particularly high dynamic range images, have extremely long tails at the high luminance levels [3] , the use of the upper percentile can lead to a large decrease in the estimated dynamic range. Given that noise levels are typically very low for the highest luminance levels in an image [18] we can be relatively certain of the higher values, but not of the lower values. As such we now use a percentile for the estimate of the lowest luminance level (0.01%) and use the maximum for the upper estimate. Unfortunately, without access to a ground truth database to evaluate the reliability of a given measure, we acknowledge that this procedure remains a best guess. We note that the study of perceived dynamic range is a current research topic [12] and may provide insight towards a more perceptually relevant measure.
The measure of monitor dynamic range is also tricky as it is not simply defined by the light emitted by the display but also the reflectivity of a monitor surface and the ambient light conditions in a room. One is advised to read [17] for an evaluation of the impact upon the effective dynamic range of cinema displays. For the SIM2 monitor that we use in this study, we compute the lowest luminance level as the minimum luminance level recorded by a photometer on the display under the ambient light levels. This level was found to be 0.05 nits. The highest luminance level is found to be 4249 nits. Thus for mathematical simplicity, we define the minimum as 0.04249 and the maximum as 4249 nits.
Methods
The psychophysical procedure, image processing and image set used here are identical to [3] , although we shall review the major points below. The only major difference is the monitor used to present the images.
Subjects
8 subjects took part in the experiment, all had corrected to normal vision.
Apparatus
The experiment took place in a dark and quiet room. The stimuli were displayed at full HD (1920 × 1080 pixels) resolution on the SIM2 HDR47ES4MB 47" screen. The monitor was run in DVI Plus (DVI+) mode, which allows for direct and independent control of the backlight LEDs and LCD pixel values, based on the dual-modulation algorithm [21] . The viewing distance was fixed to three heights of the display, with the eyes in the middle of the display, both horizontally and vertically.
SIM2 HDR screen is able to generate high luminance values up to 4249 nits; however, finding proper LED and LCD values for each image becomes an optimization problem due to the light diffusing layer of the screen. The aforementioned dual-modulation algorithm finds LED and LCD values for each image using an iterative scaling approach. This method was found to be able to render the HDR image as close as possible to the intended luminance values [22] . Using this dual-modulation algorithm, each HDR image is ensured to have the intended luminance values.
Presentation protocol
Images were presented on various subranges of the SIM2 monitor. There were five ranges in total as shown in Table 2 . For conditions 1 to 3 the dynamic range decreases from 100% to 75% to 50% of the total monitor range, but the mid log luminance level is fixed at 13.43. For conditions 4, 3, and 5 the dynamic range is fixed at 50%, but the mid log luminance level varies from 0.76 to 13.43 All images were presented with values of system gamma from 2 −2 to 2 2 at half log 2 intervals. All images and all conditions were randomly interleaved. To investigate the potential impact of sub-optimal adaptation condition 4 (50% dark) was repeated in a separate experiment and compare to the fully interleaved condition. Images were presented using Matlab and the psychtoolbox.
The image database
All the stimuli were high dynamic range images from the HDR Photographic Survey [10] . The images were captured using multiple exposure photography using between 8 to 18 exposures levels. Images were combined using Adobe's built-in software to produce a .exr file which is a linear estimate of the relative luminance levels in a scene. In total, 105 images exist in the database. Of these, 98 have a corrective factor used to convert the values to absolute luminance levels. These were computed by checking the luminance level using a photometer used at the original scene. The images selected for this experiment are those used in [3, 4] . These were originally chosen to span a broad range of dynamic ranges and are detailed in Table 3 .
The task
The subject was instructed to rate each image according to the perceived image quality. The subject did so by manipulating a sliding scale with a mouse. Values on the left hand side indicated poor image quality scores while images on the right hand side indicated good quality. Subjects were initially shown a random selection of the images to allow them to judge the range of quality images and to scale their answer appropriately. The val- ues of system gamma evaluated were the same for all images and conditions tested as shown in Figure 2 . Due to the heterogeneous nature of the image database, the preferred system gamma varies substantially between images and thus many of the presented values of system gamma are very sub-optimal. At the extremes, this could lead to images that were almost totally black or white. Subjects were instructed to only use the far left of the scale if no visible information about the scene was available. Otherwise, the subject was given no further instructions about how to score the images. In this manner, a floor effect could be avoided. Subjects naturally avoided a ceiling effect at the upper end of the scale (no maximum values were recorded). Subjects had unlimited time and proceeded to the next trial with a key press.
Data processing
The preferred system gamma is taken to be the value that maximizes the image quality score. The image quality scores were averaged for all subjects and the resulting function was found to be unimodal, although the shape varies substantially between images. To obtain a sub-interval estimate, a fourth order polynomial was fit to each function. The image quality score was then the peak of this function and the preferred system gamma was taken to be the system gamma value at which the peak was located. This procedure is identical to [3] and example fits are shown in figure 2. This procedure is not ideal, but is sufficient so long as the effect sizes noted are greater than the potential bias caused by an inadequate fit to the data.
Results

An example image
We begin by illustrating the image quality functions obtained for an individual image: DevilsBathtub in Figure 2 . The data for the three dynamic range conditions is shown on the first graph (bottom left) and the data for the luminance level conditions on the second graph (bottom right). Note that the data indicated by the red is identical in both. The solid dots denote the average image quality score at each system gamma level and the solid lines, the best fitting polynomial. The color denotes the condition as shown by the legends. These color scheme shall be used throughout the paper. 
A control experiment
In the main experiment we interleaved the five conditions. This meant that subjects may be sub-optimally adapted for the viewing condition in question. To evaluate this we run a control experiment by running condition 4 (50% range, dark condition) in isolation from the other conditions. The results are shown in Figure 3 . On the left, we plot the system gamma for the interleaved condition against the system gamma for the control conditions. As can be seen, the values lie either side of the identity line and a t-test revealed no significant difference (n = 13, p > 0.5). In contrast, on the right, we see that the image quality scores are always lower in the interleaved condition than the control condition (n = 13, p < 0.001). Overall, this is encouraging as the primary research goal is to investigate the system gamma. The lowering of the image quality scores in the interleaved condition has two potential explanations (a) subjects may be rescaling their answers with regard to those images presented within a single session or (b) image quality scores may be higher in the control condition due to better visual adaptation. It should be noted that in the previous study [3, 4] which used an identical paradigm, obtained clear differences in image quality on different monitors (each monitor was evaluated in a separate session), indicating that that any rescaling was not complete. The lack of an effect for the system gamma data is theoretically intriguing as it indicates that this particular adaptation is rapid.
Evaluating the different conditions
In Figure 4 we present the average results for each condition. On the left, the data is plotted as a function of the dynamic range, while on the right as a function of the mid luminance level. The results demonstrate that both image quality and system gamma increase with both dynamic range and the mid luminance level. 
As a function of the dynamic range ratio
In Figure 5 , we plot the preferred system gamma as a function of the dynamic range ratio (Equation 2). On the left, the three dynamic range conditions are presented, whereas on the right the three mid-luminance levels are used. If one considers all three dynamic range conditions as one, then the major conclusion is that when the ratio of the dynamic range of the monitor and the image are approximately matched, the preferred system gamma is approximately one (linear). We speculate in the discussion that this is due to the visual system being well tuned to the statistics of natural images.
When considering all five conditions it is clear that the dynamic range ratio is not the only factor impacting system gamma values. Firstly, the lines of best fit for the three dynamic range conditions do not have the same gradient or constant. Second, there is a clear impact of the luminance level, even when the dynamic range is fixed.
In Figure 6 , we plot the image quality achieved at the optimal system gamma. Note that the data is taken from the interleaved conditions, thus there may be mal-adaptation and subjects will have evaluated quality relative to the preceding images' quality. Thus these results are of no use to someone who wants to understand how good an image looks on a given monitor presented in isolation from others. Nonetheless, it is interesting to find that the low dynamic range images presented on the 50% dynamic range, but high brightness condition (monitor condition 5) achieve and image quality comparable to that of the full dynamic range condition. A similar finding has also been reported in [1] and together suggests that there is no benefit to the high dynamic range monitor for images with a low dynamic range. Thus the benefit of high dynamic range monitor appears is that they allow high dynamic range images to be presented with relatively little processing applied. Possible explanations for why there is little benefit of presenting low dynamic range scenes on a high dynamic range monitor are the role of monitor reflectance [17] and/or optical scatter [14] in reducing the effective dynamic range of the perceive image. Both factors plays a greater role when bright (low dynamic range) images are presented. . The image quality scores, plotted in the same manner as in Figure   5 .
Discussion
Cameras taking a single exposure image can store images either as an unprocessed RAW images or processed JPEG. The processed images should automatically achieve a good visual appearance. Typically the algorithms used to do this are proprietary and considered to be of critical important to the camera makers 'brand', with some brands known for having a particular style, popular with some consumers. This problem has had to be revisited with the advent of high dynamic range technologies and monitors and this paper is an attempt to develop a framework from which the problem of tone-mapping high dynamic range content can be understood. In this regard, we should be clear that HDR content refers to images captured via a method that does not suffer from the potential for over and under exposure, however, the actual dynamic range of the captured images may vary greatly depending on the scene captured. Thus we distinguish between dynamic range content and dynamic range. This critical distinction is necessary for the development of effective algorithms as the role of the dynamic range ratio in this study would suggest.
System gamma is a simple, but powerful transformation that is easily studied due to its single parameter. Nonetheless, studies of the preferred system gamma using single exposure photography and low dynamic range monitors report that it is difficult to predict the image dependent variability in the preferred system gamma [16] . However, when one uses a broad distribution of dynamic ranges it is clear that the preferred system gamma is largely predictable [19, 3] . This is due to the fact that the median luminance of an image is strongly and inversely correlated with dynamic range [3] . This effect is so strong that for very high dynamic range images over 95% of pixels values may occur with in the first 1% of the total luminance range, whilst for low dynamic range images the luminance distribution is relatively well distributed. As such the value of system gamma needed to achieve even a reasonable looking image varies hugely between images and becomes the dominant factor.
The fact that the preferred system gamma is approximately one when the dynamic range ratio is one, suggests that only limited preprocessing of the image is needed when the dynamic range is correctly reproduced. This in turn suggests that the visual system is well tuned to the statistics of real world images and in particular, the negative correlation between the normalized median luminance of dynamic range described in figure two of [3] . To counter this effect, the nonlinearity applied by the visual system must be increasingly compressive for high dynamic range images. There are two lines of evidence that the human visual system is increasing compressive as the dynamic range of an image increased. First, in a direct study of perceived lightness, Radonjic et al. [13] report increasingly compressive functions as dynamic range increases. Second, Fechner integration of detection thresholds also predicts increasingly compressive functions when a greater dynamic range is evaluated [2, 20] .
